T cells bearing the ␥␦ antigen receptor (␥␦ T cells) can constitute up to 50% of T cells in the peripheral
Two types of T cells, distinguished by surface expression of either an ␣␤ or a ␥␦ T-cell receptor (TCR), develop independently as separate lineages in vertebrates (27) . They constitute the total pool of peripheral T cells and are effectors of both cell-mediated immunity and T-cell help. The majority of mature ␣␤ T cells express either CD8 or CD4 accessory molecules and recognize peptide antigens (Ags) in association with class I or class II major histocompatibility complex (MHC) molecules, respectively. However, the capacity of ␥␦ T cells to recognize diverse Ags and the restriction elements involved remain unclear (27) . The effector function of ␥␦ T cells in immune responses in general, and in infectious diseases in particular, is poorly understood, and no consensus has yet emerged about the overall role of these cells in immune systems of different species. ␥␦ T cells in birds, ruminants, humans, and rodents have been studied (9) . Some properties of ␥␦ T cells are remarkably conserved, whereas others differ greatly among species. These cells are very scarce in rodents and primates (ϳ5% of blood lymphocytes) and are distributed preferentially at different mucosal surfaces (27) . In contrast, more recent studies with artiodactyls, an order of animals that includes the ruminants and that diverged from the rodentprimate evolutionary stream around 100 million years ago, show that ␥␦ T cells form a much larger proportion of the peripheral T-cell pool (28) . Although some ␥␦ T cells become localized at mucosal surfaces in these species, a large pool of cells recirculates among blood, tissue, and lymph and is widely disseminated throughout peripheral body compartments. The prominence of ␥␦ T cells in ruminants provides an opportunity for a detailed analysis of these lymphocytes (29) .
Non-TCR lineage-specific markers for bovine and ovine ␥␦ T cells that detect WC1, a 215-kDa Ag that belongs to the scavenger receptor cysteine-rich protein family, have been described. Although the function of the WC1 molecule is not clear, it has been proposed that it plays a role similar to that of CD4 and CD8 and that it provides a mechanism for tissuespecific homing (29, 57) .
Theileria parva is a tick-borne hemoprotozoan parasite that infects cattle and buffalo in large areas of eastern, central, and southern Africa and in cattle causes East Coast fever (ECF). T. parva sporozoites are deposited during tick feeding and rapidly invade lymphocytes, where their development to the schizont stage is associated with uncontrolled proliferation of the infected cell. Synchronous division of the parasite and host cell ensures that daughter cells retain the infection, resulting in clonal expansion of cells initially infected with the parasite. Subsequent invasion of lymphoid and nonlymphoid tissues by infected cells results in organ dysfunction and severe immunopathological changes (30) . Susceptible cattle almost invariably die 2 to 4 weeks after sporozoite inoculation. Cattle that recover from infection or are immunized by infection with sporozoites and simultaneous treatment with long-acting tetracyclines are protected from homologous challenge for up to 3.5 years (8) . It has been demonstrated that these animals exhibit strong T. parva-specific MHC-restricted CD4 ϩ and CD8 ϩ Tcell responses (2, 7, 24) and further that protection is mediated by CD8 ϩ cytotoxic T lymphocytes (CTL) (38) . A recombinant subunit vaccine for ECF based on the major surface protein of the sporozoite (43) is currently under field evaluation. The vaccine induces high specific antibody titers and results in complete neutralization of a 70% lethal dose challenge in approximately 30% of immunized cattle. A further 40% develop a mild schizont parasitosis, which they clear in the absence of prior immunological exposure to the schizont stage of the parasite. The remainder succumb to severe disease. We are interested in defining the basis of protection after partial neutralization. In areas where ECF is endemic under conditions of heavy challenge, calves become infected at an early age. In many instances, these animals remain healthy in spite of developing significant parasitosis (39) . Given these observations and the predominance of ␥␦ T cells in young cattle, we have investigated the responses to primary infection with T. parva in this population, with a view to understanding the likely performance of subunit ECF vaccines in the field.
MATERIALS AND METHODS
Cattle and immunization with T. parva. Four male and female Boran (Bos indicus) cattle aged between 3 and 12 months were used for the study. Two of these animals (BJ243 and BJ244) were monozygous twins born of dams implanted with split embryos. All cattle were reared indoors under parasite-free conditions and were clinically normal and negative for T. parva antibody at the outset of the study. Animals BK60 and BJ243 were immunized at the age of 4 to 6 months by subcutaneous inoculation of a sporozoite stabilate of T. parva (Muguga) and simultaneous treatment with long-acting tetracyclines as described previously (48) . BL38 was similarly infected at the age of 3 months but was treated with a therapeutic dose of a theilericidal drug, buparvaquone (Butalex) (Pitman-Moore Ltd., Harefield, United Kingdom), 12 and 14 days after sporozoite infection. This was intended to reflect the field situation where cattle develop patent parasitosis prior to recovery. The fourth animal (BJ244) was unimmunized.
Isolation of peripheral blood mononuclear cells (PBMC) and the establishment of T. parva-transformed cell lines. Cattle were bled before, during, and after immunization as indicated in Results. PBMC were isolated from venous blood collected in Alsever's solution by flotation on Ficoll-Paque (Pharmacia Fine Chemicals, Uppsala, Sweden) as described previously (23) . T. parva-infected lymphoblasts (TpL) were established in vitro by infection of PBMC with sporozoites obtained from triturated salivary glands dissected from infected adult Rhipicephalus appendiculatus ticks as described previously (23) . When not stated specifically, TpL were established with T. parva Muguga parasites. To determine the capacity of WC1 ϩ ␥␦ T cells to respond to host cells transformed by different parasite stocks, several cell lines were generated by infecting cloned CD4 ϩ T cells with sporozoites of Muguga, Muguga-Uganda recombinant (42), MugugaMarikebuni recombinant (42) , Mariakani, Marikebuni, Uganda, or Lawrencei parasites. PBMC, short-term cultures, and T-cell lines and clones were maintained in HEPES-free RPMI 1640 medium (Sigma Chemical Co., Poole, Dorset, United Kingdom) supplemented with 10% heat-inactivated fetal calf serum (Life Technologies Ltd., Paisley, Scotland), 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, 2 mM L-glutamine, and 50 g of gentamicin per ml (complete medium). TpL were maintained in HEPES-buffered complete RPMI 1640 medium.
Generation of ␥␦ T-cell lines and clones. A series of WC1 ϩ ␥␦ T-cell lines and clones were generated from PBMC of animal BL38 20 days after infection with T. parva. PBMC were stained with monoclonal antibody (MAb) cc15 and sorted by positive selection with a fluorescence-activated cell sorter (FACS; FACStar; Becton Dickinson, Aalst, Belgium) to obtain WC1 ϩ cells at Ͼ95% purity. Aliquots of 200 l of complete medium with a final concentration of 10% T-cell growth factors (TCGF) containing 10 4 WC1 ϩ T cells and 10 4 irradiated autologous TpL were dispensed in wells of 96-well round-bottom plates (Costar) and cultured for 7 days. TCGF were supplied as supernatants from 18-h concanavalin A (ConA)-stimulated PBMC. T-cell cultures were restimulated several times before cloning by limiting dilution (LD). Briefly, T cells were plated at a density of 0.5, 1, and 5 cells/well in 96-well round-bottom plates (10 96-well plates for each dilution) in the presence of irradiated autologous PBMC (2 ϫ 10 4 /well) as filler cells and 10 4 irradiated autologous TpL, essentially as described previously (23) . Growing clones were isolated from plates seeded with cell doses that produced growth in fewer than 15% of the wells, and the probability of clonality of the established T-cell clones was calculated according to the Poisson distribution as 98.7% (35) . A panel of eight T-cell clones were established from line 6, and clones F6, F8, and F15 are representative of this panel. The lines and clones were maintained by fortnightly restimulation under similar conditions. For phenotypic analysis by flow cytometry, cells were stained 6 days after restimulation, essentially as described previously (34) , with MAbs cc15 (anti-WC1; immunoglobulin G2a [IgG2a]) (11), IL-A43 (anti-CD2; IgG2a) (16), IL-A11 (anti-CD4; IgG2a) (5), IL-A105 (anti-CD8; IgG2a) (37), MM1A (anti-CD3; IgG1) (17) , and GB21A (anti-␥␦ TCR; IgG2b) (18, 36 Blocking experiments involved coculture of WC1 ϩ T cells with stimulator cells in the presence of MAb GB21A (bovine ␥␦ TCR), IL-A43 (anti-CD2), J11 (IgG1 anti-class II MHC) (4), or IL-A88 (IgG2a anti-class I MHC) (53) . MAb J11 has been used previously to block MHC class II-restricted T-cell responses (1). To control for their capacity to block in vitro MHC-restricted T-cell responses, the same batches of IL-A21 and IL-A88 were used in parallel to inhibit MHC class II-and class I-restricted T-cell clones, respectively (15a). Observed blocking ranges normally from 75 to 100%. TpL were preincubated with MAbs for 1 h on ice prior to irradiation and distribution into the wells. In some experiments, responder WC1 ϩ T cells were stained similarly before inclusion in culture. MAbs were also present during the culture period. All MAbs were used at a previously determined saturating dilution of 1:100 ascites fluid. Mouse myeloma-derived IgG1 (MOPC 21 [Sigma]), IgG2a (UPC 10 [Sigma]), and IgG2b (MOPC 141) were included in the experiments at final concentrations of 2 g/well. The experiments shown were repeated at least three times.
LD assay of WC1 ؉ T cells. LD microcultures were conducted essentially as described previously (35, 50) . Briefly, doubling dilutions of sorted WC1 ϩ T cells from BL38 were distributed in 36 replicate wells of microtiter plates along with 10 4 irradiated autologous TpL per well in the presence of 10% TCGF. After 8 days of culture, proliferation of individual cultures was determined as described above. The frequencies of proliferating cells were calculated according to the Poisson distribution relationship between responder cells seeded per well and the fraction of nonresponding wells. Individual wells were considered positive only if their counts per minute exceeded the mean of 36 control wells containing WC1 ϩ T cells plus TCGF by at least 3 standard deviations (SDs). Frequencies with P Ͻ 0.05 were accepted as accurate.
Cytotoxicity assays. Bulk cultures of PBMC and TpL were established to determine whether ␥␦ T-cell effectors that can lyse TpL are generated. PBMC obtained from animal BL38 4 to 5 weeks after immunization were stimulated twice with irradiated autologous TpL. Cultured cells were FACS sorted after staining with cc15 to obtain WC1 ϩ ␥␦ T cells of up to 98% purity. The cytolytic activity of these sorted cells was measured by a 4-h 111 indium oxine-release assay performed in V-bottom 96-well plates (Greiner). Serial dilutions of effector cells were added to duplicate wells to achieve a range of effector-to-target (E/T) ratios. Target cells were labelled with 111 indium oxine (Amersham International, Amersham, United Kingdom; code 1N.15P) as described previously (23) and dispensed in the plates at 5 ϫ 10 3 cells per well. Percent specific lysis was calculated as (experimental release Ϫ spontaneous release/maximum release Ϫ spontaneous release) ϫ 100. Maximum release was evaluated by subjecting target cells to two cycles of rapid freezing and slow thawing. Spontaneous release was obtained by incubating target cells in assay medium alone.
The capacity of MAbs specific for monomorphic determinants on bovine class I (IL-A88) and bovine class II (IL-A21; IgG2a) (19) or bovine ␥␦ TCR (GB21A) to inhibit cytotoxic activity of the ␥␦ T-cell effectors was assessed as described previously (23) to determine their MHC restriction and role of the TCR. The MAbs were added to labelled target cells and effector cells and incubated at room temperature for 30 min before distribution into the wells. Isotype-matched mouse myeloma proteins were included in parallel control experiments at concentrations of 2 g/well.
Treatment of TpL with BW 720C. T. parva schizonts were eliminated from TpL of BL38 to determine if reactivity of WC1 ϩ T cells to TpL is dependent on the presence of the parasite. TpL were cultured at a density of 2 ϫ 10 6 /well in 24-well culture plates (Costar) in the presence of 10% TCGF, 2.5 g of ConA per ml, and 50 ng of BW 720C per ml, essentially as described previously (7, 20) . Cells were monitored at different time points for the presence of schizont RNA to confirm complete elimination of the parasite. Total RNA from ConA blasts, treated TpL, and untreated TpL was purified according to the protocol of Chomczynski and Sacchi (10) . ConA blasts and untreated TpL served as negative and positive controls, respectively. First-strand cDNA was synthesized with the Promega reverse transcription system, PCR related, according to the manufacturer's instructions. One-tenth of the cDNAs was amplified in 50-l PCR mixtures containing 5 pM (each) different primer combinations and 2 IU of Taq DNA polymerase (Boehringer Mannheim). Amplification was achieved by 30 cycles of incubation for 2 min at 94°C, 2 min at 55°C, and 2 min at 72°C, and 1/10 of the PCR products was resolved on a 1.5% agarose gel and transferred to Hybond-N membranes (Amersham). PCR primers for mammalian ␤-actin (21), T. parva ␤-actin (21), and T. parva-derived hsp 70 protein (15) are described in Table 1 . After UV cross-linking, the PCR products were hybridized by standard techniques with 32 P-labelled probes described in Table 1 . After hybridization at 51°C, the blots were washed for 30 min in 4ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate and then for 15 min in 2ϫ SSC-0.1% sodium dodecyl sulfate at 56°C. Autoradiographs were exposed at Ϫ70°C, with Kodak XAR-2 films.
RESULTS

Proliferative responses of naive and immune WC1
؉ ␥␦ T cells to TpL. WC1 ϩ cells FACS sorted from peripheral blood obtained from the four cattle were cocultured with autologous TpL, hsConA blasts, or ConA blasts for 5 days, and proliferation was measured by radioisotope incorporation. As shown in Table 2 , both naive and immune WC1 ϩ T cells responded to TpL, with SIs ranging from 15 to 40. These cells also proliferated in the presence of hsConA blasts, yielding an SI of 6 to 18. When tested on ConA blasts, only marginal activity (SI, Ͻ1) was detected. Thus, both naive and immune WC1 ϩ T cells respond to parasitized cells and hsConA blasts but not ConA blasts. To exclude the possibility that TpL secrete soluble factors that can induce nonspecific proliferative responses, fixed TpL were included as stimulator cells ( Table 2) . Fixation of TpL resulted in a three-to fourfold reduction in proliferation of WC1 ϩ T cells derived from all the animals. LD analyses were carried out to determine the frequencies of WC1 ϩ cells responding to parasitized lymphoblasts in calf BL38 during the course of a primary T. parva infection. Doubling dilutions of sorted WC1 ϩ T cells were stimulated in vitro with a constant number of autologous ConA blasts, hsConA blasts, or TpL, and the frequencies of responding cells were estimated as described in Materials and Methods. As indicated in Table 3 , the frequency of cells responding to TpL prior to infection was 1:13,219, while less than 1:50,000 cells responded to hsConA or ConA blasts. On day 8 after infection, the frequency of TpL-reactive cells had increased considerably to 1:579 while those proliferating to ConA blasts and hsConA blasts had increased to 1:5,328 and 1:1,366, respectively. When measured on day 23, after treatment of infection, TpL-responsive cells were detected at 1:2,296 and those responding to hsConA and ConA blasts were detected at 1:6,438 and 1:4,534, respectively. These findings indicate that WC1 ϩ T cells respond to parasitized lymphoblasts in cattle undergoing a patent infection with T. parva and that a proportion also recognizes uninfected ConA blasts.
Proliferative responses of ␥␦ T-cell clones and lines. To define more precisely the Ag specificity and MHC restriction of ␥␦ T cells responding to TpL, several WC1 ϩ T-cell lines and clones were established from animal BL38 by restimulation with an autologous parasitized cell line. Clones F6, F8, and F15 were derived from line 6. Analysis of cell surface phenotypes of some of these clones and lines by indirect immunofluorescent staining and flow cytometry with various MAbs demonstrated that these cells express the ␥␦ TCR, CD3, CD2, and WC1 but not the CD4 and CD8 markers (Table 4) .
Parasite specificity was examined by coculturing these cells with autologous TpL, hsConA blasts, or ConA blasts. As reported in Table 5 , one line and three clones reacted to TpL over 10 times more intensely than to hsConA or ConA blasts. Further analysis of Ag specificity was conducted with several ␥␦ T-cell clones and a panel of autologous TpL generated by infecting a cloned CD4 ϩ T-cell line with different T. parva strains. Results of a representative experiment are shown in Table 6 . All infected cell lines were capable of stimulating reactivity in the clones, although some were more efficient than others.
MHC restriction and cognate requirements were evaluated with mismatched TpL and by blocking with MAbs specific for a variety of bovine cell surface markers. A WC1 ϩ T-cell line cocultured with autologous TpL and 11 TpL cell lines derived from randomly selected cattle responded to all of the parasitized cells. In contrast, corresponding cultures incorporating ConA blasts yielded only marginal activity (Table 7) . In parallel experiments, two clones were cocultured with autologous TpL in the presence of MAbs specific for the adhesion molecule CD2, WC1, ␥␦ TCR, and class I or class II MHC molecules. Cultures in which no MAb or isotype control MAb was added served as controls. As illustrated in Fig. 1 , cultures incorporating MAbs specific for CD2 and ␥␦ TCR failed to proliferate to TpL while the other cultures responded similarly to control cultures. Taken together, these findings indicate that the WC1 ϩ ␥␦ T cells recognize their ligand via the TCR and that CD2 may be involved in contact with the Ag-presenting cells.
Cytolytic responses of ␥␦ T cells. The capacity of responding ␥␦ T cells to lyse parasitized target cells was evaluated. PBMC were stimulated twice with autologous TpL as described in Materials and Methods to generate cytotoxic effector cells.
WC1
ϩ ␥␦ T cells were FACS sorted from these cultures and tested directly for their capacity to lyse autologous TpL targets, in the presence or absence of MAbs specific for the ␥␦ TCR or MHC class I or class II molecules. Autologous uninfected ConA blasts were also included as targets. As shown in Fig. 2A , effector ␥␦ T cells were capable of killing TpL in the absence of MAbs (over 40% specific lysis at an E/T ratio of 40:1) but not uninfected targets (less than 5% at an E/T ratio of 40:1). These effectors lysed TpL to the same extent when assayed in the presence of an anti-MHC class I or class II MAb. In contrast, assays performed in the presence of an anti-TCR MAb revealed a fourfold reduction in the level of lysis. Parallel assays were conducted with autologous cells infected with several different T. parva strains as targets. As illustrated in Fig.  2B , effector ␥␦ T cells lysed all of the infected targets to varying degrees. These findings indicate that effector ␥␦ T cells generated in bulk cocultures of immune PBMC with autologous TpL exhibit a non-MHC class I or class II-restricted parasite-specific cytolytic activity extending to targets infected with a variety of parasite strains.
Removal of parasite renders TpL nonstimulatory for ␥␦ T cells. Experiments to determine whether the reactivity of ␥␦ T cells to TpL was dependent on the presence of the parasite utilized stimulator TpL preincubated with a curing agent for varying periods of time. TpL were either untreated or treated for 4, 8, and 11 days and subjected to RT-PCR to verify the disappearance of the parasite. As shown in Fig. 3A , parasitespecific PCR products were only weakly detected with specific probes after 8 days of curing and were completely absent after 11 days of treatment. Coculture of two T-cell clones with the respective TpL revealed that treatment of TpL for 4 days resulted in a threefold reduction in stimulatory capacity and that further treatment for 8 and 11 days completely abrogated a Cells were stained 6 days after restimulation for phenotypic analysis by flow cytometry essentially as described previously (33) . The phenotypes of one uncloned (line 6) and two cloned ( stimulation (Fig. 3B ). Since loss of the capacity to stimulate coincides with the disappearance of the parasite from TpL, these findings provide strong evidence that ␥␦ T cells recognize a parasite-derived or parasite-induced ligand on TpL.
DISCUSSION
A significant outcome of this study was the observation that bovine ␥␦ T cells recognize T. parva-infected cells and respond to them during the course of primary infection. Although a large body of evidence is consistent with class I and class II MHC-restricted parasite-specific T cells being key mechanisms in immune cattle, it has never been possible to demonstrate these responses during primary infection.
Freshly isolated ␥␦ T cells from both naive and immune animals proliferated in the presence of TpL, and this response was reduced three-to fourfold by fixation of stimulator cells. These cells also reacted to ConA blasts but only after heat shock. This is consistent with at least a portion of the reactivity being due to heat shock proteins; metabolic labelling experiments have confirmed that heat stress induces hsp70 and hsp90 proteins in ConA blasts (data not shown).
The association of ␥␦ T cells with many different infections, particularly those caused by intracellular pathogens, has led to the suggestion that ␥␦ T cells constitute an innate surveillance system that acts as a first line of defense against infectious diseases (31) . Therefore, we sought to explore whether bovine ␥␦ T cells respond to cells infected with T. parva during the course of a primary infection. LD analysis revealed a frequency of 1:13,219 ␥␦ T cells reactive to TpL before inoculation of sporozoites. This had increased 20-fold as early as day 7 after infection, at which time class I MHC-restricted CD8 ϩ CTL responses are known to be undetectable (41) . Concurrently, frequencies of ␥␦ T cells activated by hsConA blasts and ConA blasts increased by up to 50-fold. The population of autoreactive ␥␦ T cells responding to untreated ConA blasts was not observed in healthy naive or recovered immune animals ( Table  2 ). These cells may represent a component of the ␥␦ T-cell response to T. parva that cross-reacts with normally expressed autoantigen(s). A proportion of the ␥␦ T-cell population responding to autologous ConA blasts appears to recognize stress proteins, as suggested by the slightly higher frequencies of cells stimulated with hsConA blasts. This finding is consistent with previous reports of autoreactive ␥␦ T cells in mice and humans particularly after infections (56) . Taken together, these results support the concept of ␥␦ T cells acting as a first line of defense against T. parva infections in young cattle.
The precise role of ␥␦ T cells in infectious and parasitic disease is still controversial. With the exception of mycobacterial heat shock proteins and phosphate bound to alkyl, carbohydrate, or nucleotide residues, the nature of the Ags priming ␥␦ T cells and the restricting elements involved are poorly defined (33) . In humans, responses of peripheral T cells from nonexposed donors to malarial Ags were reported to involve ␥␦ T cells (25) . Moreover, in humans infected with malaria there is evidence that the number and proportion of ␥␦ T cells are increased in both peripheral blood and spleen (45), although the Ags responsible are unknown. A similar effect was observed in PBMC of healthy tuberculin skin test-negative donors, with 7 days of exposure to mycobacterial lysates resulting in selective expansion of ␥␦ T cells in vitro (46) . For cattle, it has been reported that ␥␦ T cells isolated from peripheral blood are stimulated by a cell surface molecule constitutively expressed by mononuclear phagocytes in vivo (44) . It has also been observed that ␥␦ T cells expand in cell lines derived from Babesia bovis-immune cattle by stimulation with merozoite fractions (6) . The phenotypic characterization of these ␥␦ T-cell lines showed that a subpopulation of cells expressed CD2. However, it is not shown whether these cells coexpress CD2 and WC1. Furthermore, it appeared that the ␥␦ T-cell lines and clones might recognize altered self-proteins, stress proteins, or other autoantigens (6) .
In our experiments, bovine ␥␦ T cells did not expand selectively after in vitro stimulation with TpL, although they did respond when isolated from peripheral blood of both immune and naive animals. These observations are consistent with reports that freshly isolated WC1 ϩ ␥␦ T cells derived from Theileria annulata naive cattle proliferated in response to cells transformed by T. annulata. Although these WC1 ϩ cells also responded to fixed T. annulata-infected cells (12) , fixation of TpL resulted in a significant reduction in the proliferation of T. parva-reactive ␥␦ T cells (Table 2) . While this may reflect, in part, the effect of soluble factors, on the other hand, it is conceivable that a ligand(s) on the cell surface of TpL is modified by fixation. The fact that inclusion of anti-TCR and anti-CD2 MAbs in culture abrogated proliferation is consistent with the latter possibility.
To further characterize the TpL reactivity of bovine WC1 (Tables 5 and  7 (3) .
The response to TpL was dependent on the parasite, since its removal by culture in the presence of BW 720C abrogated reactivity (Fig. 3) . These results suggest that either the ligand(s) responsible is encoded by the parasite or its expression is induced by the infection. Transformation of T and B lymphocytes by T. parva may induce surface expression of stress proteins that can be recognized by ␥␦ T cells, as has been described for other systems (22, 55) . Experiments to determine whether MAbs specific for heat shock proteins can inhibit the proliferative response of ␥␦ T cells to TpL may clarify this issue. In any event, the determinant(s) recognized by bovine ␥␦ T cells on TpL is clearly conserved, with reactivity extending to cells infected with a broad range of genetically and immunologically distinct isolates (13, 51) (Table 6 and Fig. 2B ). The question of the nature and origin of the ligand(s) stimulating the ␥␦ T-cell clones was addressed in preliminary experiments. Schizonts purified from TpL were included in cultures of ␥␦ T cells with and without autologous monocytes as Ag-presenting cells. Unfortunately, the clones were not stimulated by these conditions (data not shown).
Recognition of the ligand(s) does not appear to be restricted by classical class I and II MHC molecules. This is consistent with observations in other systems where only a few examples of MHC-restricted ␥␦ T-cell responses have emerged (26, 32) . It is conceivable that antigenic determinants expressed by T. parva or induced by the transformation process gain access to the surface of the infected cells as processed peptides in association with nonpolymorphic MHC molecules, which have been studied in detail for mouse and human systems, but not for cattle (47, 54) . Alternatively, human ␥␦ T cells have been reported to recognize nonpeptide ligands of mycobacteria such as synthetic alkyl phosphates, particularly monoethyl phosphate (40, 49) . These Ags are conserved between different mycobacterial isolates although expressed to varying degrees (14) .
There is strong evidence that the protective immune response to T. parva is based on elimination of infected cells by parasite-specific class I MHC-restricted CTL (38) . In addition, class II MHC-restricted CD4 ϩ T cells with helper and cytolytic activity can be detected after immunization of cattle with T. parva (1, 2, 7, 52) . We have now provided evidence that cytotoxic ␥␦ T cells might also directly contribute to protection in young cattle. ␥␦ T cells sorted from cultures of immune PBMC stimulated with TpL specifically lysed parasitized cells but not ConA blasts. The observed killing could not be blocked by MAbs directed against MHC class I or class II molecules and did not distinguish between different parasite stocks (Fig. 2) . We were unable to establish cytotoxic ␥␦ T-cell clones, since the lines acquired NK-like nonspecific killing activity after pro- longed culture in the presence of TCGF. This may reflect an inability of these cells to adopt a memory phenotype capable of maintaining specificity over multiple restimulations.
In summary, we provide evidence that bovine ␥␦ T cells participate in the early phase of an immune response against T. parva, an intracellular protozoan parasite. These responses are MHC unrestricted and cross-reactive between a broad range of different parasite stocks. This T-cell population therefore shares a number of functional features with human and mouse ␥␦ T cells. These observations may have relevance to the apparent resistance of young calves to ECF under conditions of high endemic challenge. Further, they provide a possible explanation for the ability of a proportion of cattle immunized with prototype subunit-neutralizing vaccine to clear breakthrough infections. We have developed a system based on defined ␥␦ T-cell clones and stimulator cells that will enable an investigation of additional aspects of the biology of bovine ␥␦ T cells. These findings may have implications for a rational design of an effective subunit vaccine against ECF and probably other infectious diseases.
FIG. 2. (A)
The cytolytic activity of ␥␦ T cells is not blocked by MAbs specific for bovine MHC. Effector ␥␦ T cells, generated as described in the text, were assayed for lysis against autologous TpL in the absence (}) or presence of MAbs IL-A88 (s), IL-A21 (OE), and GB21A (F) to test whether their cytolytic response to TpL is MHC restricted. The data are presented as the mean (with SD) percent lysis at varying E/T ratios. (B) T. parva-specific ␥␦ T cells lyse targets infected with heterologous parasite populations. Effector ␥␦ T cells were tested for their capacity to kill autologous TpL parasitized with different T. parva stocks including Uganda (ϫ), Muguga (¦), Mariakani (}), Marikebuni (s), and Lawrencei (OE). The lytic activity was also assayed against autologous uninfected ConA blasts (F). Results are presented as the mean (with SD) percent lysis at varying E/T ratios.
